Retinoids have been studied as chemopreventive agents in clinical trials due to their established role in regulating cell growth, differentiation and apoptosis in preclinical models. Experimental evidence suggests that retinoids affect gene expression both directly, by activating and/or repressing specific genes, and indirectly, by interfering with different signal transduction pathways. Induction of apoptosis is a unique feature of fenretinide, the most widely studied retinoid in clinical trials on breast cancer chemoprevention due to its selective accumulation in breast tissue and to its favourable toxicological profile. In a phase III breast cancer prevention trial, fenretinide showed a durable trend to a reduction of second breast malignancies in premenopausal women. This pattern was associated with a favourable modulation of circulating IGF-I and its main binding protein (IGFbinding protein-3, IGFBP-3), which have been associated with breast cancer risk in premenopausal women in different prospective studies. In a subsequent biomarker study on premenopausal women who had participated in the phase III trial, high IGF-I and low IGFBP-3 baseline levels were found to predict second breast cancer risk, although the magnitude of their changes during treatment did not fulfil the requirements for suitable surrogate end-point biomarkers. In postmenopausal women, fenretinide did not reduce second breast cancer incidence, nor did it induce significant modulation of the IGF system. Similarly, fenretinide was not found to affect risk biomarkers significantly in early postmenopausal women on hormone replacement therapy, who are at increased risk of developing breast cancer. Biomarker studies of fenretinide alone or in combination with different nuclear receptor ligands are being conducted. In particular, clinical trials of fenretinide and tamoxifen have proved to be feasible, and this combination appears to be safe and well tolerated in high-risk women, especially when low-dose tamoxifen is employed. Novel retinoid X receptor-selective retinoids, or rexinoids, have been shown to suppress the development of breast cancer in several animal models with minimal toxicity, and are being intensively studied either alone or in combination with selective oestrogen receptor modulators, both in vitro and in vivo. The rexinoid, bexarotene, has recently been approved for the treatment of patients with cutaneous T-cell lymphoma, and a biomarker trial with bexarotene in women with high breast cancer risk is currently underway.
Introduction
Despite recent progress in treatment and therapeutic strategies, breast cancer incidence, morbidity and mortality remain a major problem in Western countries. Recent trials with selective oestrogen receptor modulators (SERMs), such as tamoxifen and raloxifene, have demonstrated the principle that chemoprevention, i.e. the administration of natural or synthetic agents to reverse or suppress carcinogenesis, can reduce the incidence of breast malignancies (Cuzick et al. 2003) . However, there is still a need to develop different agents to minimize toxicity as well as to prevent the appearance of ER-negative tumours.
Due to their role in the regulation of cell growth and differentiation in preclinical models, retinoids are being extensively evaluated in clinical trials of cancer prevention (Lippman et al. 1998 ) and the results of these trials are reviewed in the present paper.
Retinoids, the natural and synthetic derivatives of vitamin A, are known to play a crucial role in cellular and tissue differentiation. Retinoids can suppress tumour promotion and modify some properties of fully transformed malignant cells by activating and/or repressing specific genes (Chambon 1996) . In addition to the nuclear receptors and retinoic acid-responding elements (RAREs), specific cellular retinoid-binding proteins (CRBPs) bind retinoids with high affinity and regulate their metabolism, although their role in retinoid signalling remains unclear (Spinella & Dmitrovsky 2000) .
Retinoid receptors are expressed in normal and malignant epithelial breast cells and are critical for normal development. Although the mechanism underlying breast cell growth inhibition by retinoids has not yet been completely elucidated, experimental evidence suggests that it is likely to involve multiple signal transduction pathways and to result from direct and indirect effects on gene expression. Binding of retinoids to the nuclear receptors (i.e. retinoic acid receptor (RAR)-a, -b and -g and retinoid X receptor (RXR)-a, -b and -g), which are ligand-activated transcription factors, leads to regulation of several cellular processes, including growth, differentiation and apoptosis . Several retinoids are able to inhibit the activator protein-1 (AP-1) transcription pathway, which is activated upon growth factor signalling (Fanjul et al. 1994 , Li et al. 1996 , Shah et al. 2002 and is involved in breast cancer cell proliferation and transformation (Chen et al. 1996) . In addition, growth inhibition of breast cancer cells by retinoic acid has been associated with induction of the expression of RAR-b, which may act as a tumour suppressor and appears to be down-regulated in breast cancer tissue and cell lines and, conversely, upregulated in normal mammary epithelial cells (Zhang et al. 1996) .
The synthetic retinoid fenretinide
The retinoid most widely studied in chemoprevention clinical trials is the synthetic amide of retinoic acid N-(4-hydroxyphenyl)retinamide (4-HPR), or fenretinide. Fenretinide was synthesized in the late 1960s, and its biological activity assayed by Sporn and co-workers, who also showed the preferential accumulation of this drug in the breast rather than in the liver (Sporn et al. 1976) . The inhibition of the development of chemically induced mammary carcinoma in rats by fenretinide was first described by in 1979 (Moon et al. 1979) . Since then, in the light of promising data in different experimental models and of a favourable toxicity profile as compared with other retinoids, fenretinide has been studied in chemoprevention trials targeting different organs (Kelloff et al. 1994) .
Fenretinide has been found to exert significant chemopreventive activity in a large variety of in vitro and in vivo systems. Although its mechanism of action is not yet completely clarified, it may act through different mechanisms compared with other retinoids. Fenretinide effectively inhibits the proliferation of breast cancer cells that do not express RARs and, actually, has a very poor affinity to this receptor class (Sheikh et al. 1995) . Current experimental data suggest that fenretinide induces inhibitory effects by both receptor-dependent and -independent mechanisms (Sheikh et al. 1995 , Fanjul et al. 1996 , Sun et al. 1999 . These mechanisms include both an increase in the expression of RAR-b and a decrease in the expression of cell cycle modulators, such as cyclin D and cyclin-dependent kinases, in different cancer cell lines, including breast cancer cells (Liu et al. 1998 , Panigone et al. 2000 .
A unique feature of fenretinide is its ability to inhibit cell growth through the induction of apoptosis rather than differentiation, an effect that is strikingly different from that of the parental compound all-trans retinoic acid (Lotan 1995 , Wu et al. 2001 . The mechanisms underlying the apoptotic effect of fenretinide are not yet well defined, but it has recently become evident that 4-HPR-mediated apoptosis is tissue specific and that multiple mechanisms may operate within specific tissues . Both elevations in the levels of the sphingolipid ceramide (Maurer et al. 2000) and the production of nitric oxide (NO) by nitric oxide synthases (NOS) (Simeone et al. 2002 (Simeone et al. , 2003 have been implicated in fenretinide-mediated apoptosis in breast cancer cells. A mechanism specific to fenretinide as compared with other retinoids is the generation of reactive oxygen species (ROS), such as hydrogen peroxide and superoxide, which seem to be critical in mediating apoptosis in different cancer cell types (Delia et al. 1997 , Oridate et al. 1997 , Tosetti et al. 2003 . These mechanisms may be interrelated and in breast cancer cells it has been shown that NO-mediated induction of apoptosis requires mitochondrial damage, including cytochrome C release, disruption of mitochondrial transmembrane potential and ROS generation, as well as activation of caspases (Umanski et al. 2000) .
Additional mechanisms, which may be relevant for both the therapeutic and the preventive use of fenretinide, are currently under investigation. For example, fenretinide was shown to decrease the activity of telomerase, a biomarker of breast cancer development and progression, in N-methyl-N-nitrosourea (MNU)-induced mammary tumours as well as in the bronchial epithelium of cigarette smokers (Bednarek et al. 1999 , Bowman et al. 2002 . It has also been suggested that retinoids inhibit cell growth by reducing the expression of growth-stimulating factors or by inducing the expression of growth-inhibitory factors. In vitro, breast cancer cell growth inhibition by fenretinide or retinoic acid correlated with either decreased secretion of insulin-like growth factor-I (IGF-I), a potent stimulator of epithelial cell growth, or increased secretion of IGF-binding proteins (IGFBPs) (Favoni et al. 1998 , Fontana et al. 1991 . In addition, fenretinide-induced apoptosis is inhibited by blocking transforming growth factor-b (TGF-b) activity with neutralizing antibodies, and breast cancer cells defective in TGF-b1 signalling are resistant to apoptosis induced by fenretinide (Herbert et al. 1999) . However, it remains to be determined whether alterations in growth factor signalling represent a mechanism of retinoid action or merely a marker of activity.
The expression of HER-2/neu reduces the ability of fenretinide to induce apoptosis in breast cancer cells. One of the mechanisms involved is a decrease in NO production mediated by NOS, resulting from induction of cyclooxygenase-2 (COX-2) expression by HER-2/neu through activation of Akt (Simeone et al. 2003 . Interestingly, however, fenretinide has been found to down-regulate c-erbB-2 protein and mRNA in overexpressing breast cancer cell lines and to induce apoptosis also in HER-2/neu-transformed cells (Rao et al. 1998 , Jinno et al. 1999 , a phenotype which is known to be tamoxifen resistant. Finally, it has recently been shown that fenretinide is able to induce NO-mediated apoptosis in BRCA-1-mutated breast cancer cells (Simeone et al. 2005) .
Fenretinide for breast cancer prevention
Both fenretinide and its major metabolite 4-methoxyphenylretinamide (4-MPR) selectively accumulate in the human breast (Mehta et al. 1991) , rendering this agent an attractive candidate for breast cancer chemoprevention.
Women with early breast cancer have a risk of contralateral cancer of approximately 8/1000 per year, which corresponds to 5-6 times the risk in the general population in the same age range (Broet et al. 1995) . In the 1980s these women were not candidates for adjuvant systemic therapy, and therefore represented a suitable population to test the efficacy of fenretinide for prevention of a second breast cancer.
A phase I dose ranging study was completed, and a 200 mg daily dose was selected as the safest one (Costa et al. 1989) . This study also provided important information on the pharmacokinetics of fenretinide (Formelli et al. 1989) . Fenretinide administration induced a dose-related linear decrease of plasma retinol, which was associated with diminished dark adaptation (Formelli et al. 1989) . In order to minimize this side effect, a 3-day treatment interruption at the end of each month was introduced to increase plasma retinol concentrations, thus allowing the partial recovery of retinal storage. Studies of the mechanisms responsible for retinol reduction have indicated that fenretinide has a high binding affinity to retinolbinding protein (RBP), thus interfering with the RBP-retinol-transthyretin complex formation and the secretion of retinol from the liver (Berni & Formelli 1992) . Additional mechanisms, including a specific effect of fenretinide on ocular turnover of vitamin A, have been advocated to explain the dark adaptation impairment associated with the administration of this retinoid (Lewis et al. 1996) .
Daily chronic administration of 200 mg fenretinide for 5 years resulted in an average plasma concentration of 350 ng/ml (i.e. approximately 1 mM), which remained constant throughout the 5-year treatment period (Formelli et al. 1993) . Concentrations of 4-MPR were similar to those of the parental drug. Retinol concentrations were reduced by 65% on average, and this reduction was constant during the 5-year treatment period. Plasma 4-HPR concentrations were at the limits of detection at 6 and 12 months after drug discontinuation, whereas the concentrations of 4-MPR were approximately 5 times higher. Baseline retinol concentrations recovered after 1 month (Formelli et al. 1993) .
The phase III prevention trial of fenretinide
A multicentre phase III randomized trial, coordinated by the Istituto Nazionale dei Tumouri in Milan, started in 1987 (Veronesi et al. 1999) . Eligible patients were stage I breast cancer patients, aged 33-70 years, who had been operated on for breast cancer within the previous 10 years and who had received no systemic adjuvant therapy. Women were randomly assigned to receive either no treatment or fenretinide given orally at a daily dose of 200 mg for 5 years. A placebo control arm was not included in the study design because of both the large capsule size and the objective nature of the main outcome measure. A 3-day drug interval at the end of each month was recommended, in order to allow retinol recovery and to minimize dark adaptation impairment. The main outcome measure was the occurrence of contralateral breast cancer as the first malignant event. The secondary end-point was the incidence of ipsilateral breast cancer reappearance, defined as either local recurrence in the same quadrant or occurrence of a second breast malignancy in a different quadrant from the primary tumour. The use of this end-point was considered appropriate for a preventive intervention because it is, at least in part, due to the progression of premalignant or early-malignant cells. The occurrence of distant metastases (including regional relapse) and death were recorded, but they were not considered efficacy end-points as fenretinide was not thought to be active in the late phases of breast carcinogenesis. The study was powered at 90% with a 5% type I error probability level (for a two-sided test) to detect a 50% reduction in the incidence of contralateral breast cancer, assuming an annual rate of 8/1000 in the control arm and a 3-year linear lag to obtain a full intervention effect. A 10% drop-out rate was anticipated (De Palo et al. 1997) .
Accrual started on March 1987 and was closed on July 1993, below the expected sample size of 3500, because a National Cancer Institute alert recommended the administration of adjuvant systemic treatment for node-negative breast cancer patients. A total of 2972 patients entered the study, 2867 of whom were assessable, giving an 87% power to detect the expected difference. The two groups were well balanced for all patient and tumour characteristics.
The results after a median follow-up duration of 97 months have been reported in detail (Veronesi et al. 1999) . Fenretinide showed no effect on contralateral breast cancer occurrence and a non-significant 17% reduction in ipsilateral breast tumour reappearance. However, a different trend was noted when the analysis was stratified by menopausal status; there was a beneficial trend in premenopausal women on both contralateral and ipsilateral breast cancer (hazard ratio (HR) 0.66, 95% confidence interval (CI) 0.41-1.07; and HR 0.65, 95% CI 0.46-0.92 respectively) and an opposite trend in postmenopausal women (contralateral breast cancer HR 1.32, 95% CI 0.82-2.15; ipsilateral breast cancer HR 1.19, 95% CI 0.75-1.89). No effect of fenretinide treatment was observed on distant metastases and death, either overall or in the two subgroups separately. The frequency of second primary tumours was comparable in the two groups (38 in the fenretinide arm versus 40 in the control arm), with no significant excess of a specific tumour in either treatment arm.
Interestingly, the incidence of ovarian cancer during the 5-year intervention period was significantly lower in the fenretinide arm (no cases versus six cases in the control group), whereas three cases of ovarian cancer occurred in the fenretinide group after treatment discontinuation (De Palo et al. 1995 ). An update of the effect of fenretinide on ovarian cancer has recently been provided (De Palo et al. 2002) . After a median of 121 months, a total of six cases of ovarian cancer had occurred in the fenretinide arm as opposed to ten cases in the control arm (P=n.s.). A protective effect was suggested in women with a high probability of carrying a BRCA-1 mutation. Further clinical trials are necessary to clarify this potentially important clinical effect of fenretinide (Veronesi & Decensi 2001) .
The findings of the phase III trial support the role of fenretinide as a preventive agent acting at different steps of breast carcinogenesis, but indicate its lack of efficacy on the progression to a more malignant phenotype, possibly as a result of the loss of retinoid receptor expression (Widschwendter et al. 1997) . This study seems to suggest a beneficial effect of fenretinide in reducing second breast cancer risk in premenopausal women. Since the analysis of the interaction between intervention and menopausal status was not initially planned, these results are hypothesis generating and should be confirmed in additional studies. However, recent findings indicate that the favourable trend on contralateral breast cancer and ipsilateral breast reappearance in premenopausal women appears to be durable up to 15 years of follow-up (U Veronesi et al., unpublished observations), providing the rationale for a phase III primary prevention trial in young women at high risk for breast cancer.
Fenretinide and the IGF system
The search for an interaction between fenretinide and age or menopausal status on second breast malignancy was prompted by a previous observation of the different effect of fenretinide on plasma IGF-I according to age or menopausal status in a subset of 60 subjects participating in the phase III trial (Torrisi et al. 1993) . In this study, a reduction of circulating IGF-I was observed after administration of fenretinide for 12 months in premenopausal women, whereas no significant change was observed in postmenopausal women (P<0.05 for the interaction between age and treatment). A slight, but significant, up-regulation of serum IGFBP-3 was associated with the IGF-I decline (Torrisi et al. 1998) . Consistently, fenretinide has been shown to down-regulate the IGF system and to inhibit IGF-I-stimulated growth in both ER-positive and ER-negative breast cancer cell lines (Favoni et al. 1998) .
IGF-I is a key regulator of proliferation and apoptosis in normal and malignant cells, including breast cancer cells (Pollak 2000) . Approximately 80% of circulating IGFs are bound to IGFBP-3, which affects cell growth by regulating IGF bioavailability and IGF-I receptor responsiveness to IGF-I (Yu & Rohan 2000 , Moschos & Mantzoros 2002 . In addition to modulating IGF-I and -II, IGFBP-3 also exerts intrinsic inhibitory effects on breast cancer cell growth and survival that are independent of IGF-I (Gill et al. 1997 , Rajah et al. 1997 . A positive association between higher plasma IGF-I levels and/or lower levels of IGFBP-3, and risk of breast, prostate, colorectal and lung cancers has been reported in large prospective studies in healthy people (Chan et al. 1998 , Hankinson et al. 1998 , Ma et al. 1999 , Giovannucci et al. 2000 , London et al. 2002 . In particular, an association between high circulating levels of IGF-I and increased risk of breast cancer was found in premenopausal but not postmenopausal women (Hankinson et al. 1998 , Toniolo et al. 2000 . This association has been confirmed in a recent large metaanalysis (Renehan et al. 2004) , consistent with the notion that IGF-I interacts with the oestrogen signal to increase cell proliferation (Clarke et al. 1997 , Lai et al. 2001 . These findings suggest that lowering IGF-I availability may contribute to the reduction of breast cancer risk in premenopausal women.
In a subsequent study (Decensi et al. 2001) , the circulating levels of IGF-I, IGFBP-3 and their molar ratio were measured at yearly intervals for up to 5 years in 60 subjects aged j50 years and 60 subjects aged >50 years allocated to either fenretinide or no treatment within the phase III study (Veronesi et al. 1999) . In women aged j50 years, measurements of IGF-II, IGFBP-1 and IGFBP-2 were also performed. The associations between IGFs and drug or metabolite plasma concentrations were also investigated. All IGFs were relatively stable over 5 years in the control group. Compared with controls and after adjustment for baseline, treatment with fenretinide for 1 year induced a decrease of IGF-I levels and of the IGF-I : IGFBP-3 molar ratio. The following changes were observed: IGF-I, x13% (95% CI, x25 to 1%) in women aged >50 years and x3% (95% CI, x16 to 13%) in women aged >50 years; IGFBP-3, x4% (95% CI, x12 to 6%) in both age groups; IGF-I : IGFBP-3 molar ratio, x11% (95% CI, x22 to 1%) in women aged >50 and 1% (95% CI, x11 to 16%) in women aged >50 years. These effects were apparently maintained for up to 5 years. No change in other IGFs was noted. Drug and metabolite concentrations were negatively correlated with IGF-I and IGF-I : IGFBP-3 molar ratio in women aged j50 years. It was concluded that fenretinide induces a moderate decline of IGF-I levels in women aged j50 years, and the study of the association between IGF-I change and the reduction of second breast cancer in premenopausal women warrants further study.
Relationships between plasma IGF-I and IGFBP-3 and second breast cancer risk with fenretinide treatment
In contrast to healthy women, no data are available on the association of IGF-I and IGFBP-3 with the risk of second breast malignancy in women with a diagnosis of breast cancer. Moreover, it is unknown whether a reduction in IGF-I levels during preventive intervention may predict the clinical effect of fenretinide, thus representing a potentially useful surrogate end-point biomarker.
To answer these questions, a study was conducted at the European Institute of Oncology, Milan (Decensi et al. 2003) , on a large group of patients who had participated in the phase III trial with fenretinide (Veronesi et al. 1999) . The objective was to determine whether circulating IGF-I and IGFBP-3 levels predict the risk of second breast malignancy in women aged j50 years and whether any changes during fenretinide treatment explain the reduction in second breast malignancy observed in the phase III trial.
Among the patients enrolled in the trial, 302 women on fenretinide and 220 controls who were <50 years old at randomization and provided plasma samples both at baseline (pretreatment) and during a 9.4-year follow-up period were considered eligible for this study. The study outcome was the occurrence of a second breast malignancy, defined as either ipsilateral breast tumour reappearance or contralateral breast cancer as first event. The two types of event were pooled in order to increase the statistical power of the study, using an approach previously described by others (Fisher et al. 1999) .
Second breast cancer risk was reduced by 39% (HR, 0.61; 95% CI, 0.40-0.94; P=0.026) in the fenretinide group.
The prognostic effects of baseline IGF-I, IGFBP-3 and their ratio were investigated by fitting Cox models in the control group only, in order to avoid the interference of fenretinide treatment. In this group, high IGF-I and, particularly, low IGFBP-3 levels were associated with elevated second breast cancer risk (top versus bottom tertile, IGF-I : HR 1.94, 95% CI 0.87-4.31, P=0.105; IGFBP-3: HR 0.40, 95% CI 0.18-0.93, P=0.033). (2006) 13 51-68 www.endocrinology-journals.org
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Fenretinide treatment reduced circulating IGF-I, IGFBP-3 and the IGF-I : IGFBP-3 ratio by 8% (95% CI, 2-12%; P=0.004), 3% (95% CI, 1-5%; P=0.002) and 5% (95% CI, 0-10%; P=0.050) respectively. The analysis of IGF-1 and the IGF-1 : IGFBP-3 ratio as surrogate end-point biomarkers was performed according to the approach used by Li et al. (2001) , by fitting a Cox model containing as covariates the marker itself, expressed as the ratio between the individual follow-up measurements and its baseline value, and treatment. An ideal surrogate explains all of the treatment effect, although surrogates explaining at least 50% of treatment effect can be considered adequate for practical purposes (Freedman et al. 1992) . However, the percentage of treatment effect explained by IGF-I and IGF-I : IGFBP-3 reductions was only 4.8% (95% CI, 0.8-28.9%) and 3.1% (95% CI, 0.5-20.8%) respectively.
It was concluded that fenretinide induces a moderate decrease of IGF-I levels, which marginally explains second breast cancer risk reductions observed in women aged j50 years. In fact, the reduction of IGF-1 explained only 4.8% of the clinical effect of fenretinide, a level about 10-fold lower than the 50% threshold of clinical relevance (Freedman et al. 1992) . This observation suggests that the inhibition of circulating IGF-I bioactivity does not represent a major pathway of the preventive effect of fenretinide in this subset of women. Importantly, it was shown in this study that high IGF-I and, particularly, low IGFBP-3 levels predicted second breast cancer risk in this age group (Decensi et al. 2003) .
Safety and tolerability of fenretinide
The Milan trial, with a 5-year administration of fenretinide, provided a vast corpus of information on the long-term safety and tolerability of this retinoid, although an accurate evaluation of toxicity was hampered by the lack of a placebo control group. Dermatological, gastrointestinal, visual and ophthalmological events were relatively frequent, but mostly of mild extent (G1 according to the World Health Organization Toxicity Criteria).
In a detailed analysis of the phase III trial (Camerini et al. 2001) , the most common adverse events were diminished dark adaptation (cumulative incidence, 19%) and dermatological disorders (18.6%) -such as skin and mucosal dryness, pruritus and urticaria. Less common events were gastrointestinal symptoms (13%) and alterations of the ocular surface (10.9%). Women in the control group complained of diminished dark adaptation, dermatological disorders, gastrointestinal symptoms and alterations of the ocular surface in 2.9, 2.9, 5.4 and 3.2% of cases respectively. Interestingly, most side effects decreased with time and were significantly more frequent in postmenopausal women. However, only 63 of 1432 women (4.4%) discontinued treatment for drug-related toxicity, and no life-threatening events were observed. Objective assessment of laboratory tests did not show any difference between the two arms in terms of number of subjects with altered findings. Importantly, in contrast with other retinoids, prolonged administration of fenretinide was not found to be associated with significant alterations of bone mineral density of the forearm in a study that addressed this issue (Decensi et al. 1999) . However, a trend towards an increase in bone reabsorption markers was observed in this study, suggesting the need for further assessment at different skeletal sites.
An objective evaluation of fenretinide-induced dark adaptation impairment was performed in a subset of women who had been on treatment for a median of 32 months (Decensi et al. 1994) , using the GoldmannWeekers adaptometer test. This test allows the detection of subclinical vitamin A deficiency through a sensitive and reliable measurement of alterations in dark adaptability, such as nyctalopia (diminished dark adaptation). Results of the Goldmann-Weekers adaptometer test were compared with plasma retinol levels and with the results of a subjective evaluation through a structured questionnaire. Mild and moderate alterations of dark adaptability, i.e. a prolongation of the time to the cone-rod break and a higher final rod threshold, were observed in 23.5 and 26.5% of women respectively, and were associated with plasma retinol levels below 160 and 100 ng/ml respectively. Importantly, only half of the patients with positive dark adaptometry were symptomatic, thus raising the issue of the real-life implications of fenretinide-associated visual alterations. Similar data were reported after a shorter duration of fenretinide administration in another study, where a low rate of complaints for reduced dark adaptability was noted in patients with alterations of the Goldmann-Weekers test (Caruso et al. 1998) . Older and heavier women showed the highest fenretinide-induced retinol decrease (Torrisi et al. 1994) and, therefore, were at a higher risk of developing visual symptoms.
Fenretinide and tamoxifen trials
It is well known that, in the therapeutic setting, polychemotherapy with combinations of drugs is superior to monochemotherapy. Similarly, the concept S Zanardi et al.: Retinoids for breast cancer prevention of combining agents with different mechanisms of action in an attempt to increase efficacy on complementary molecular targets while minimizing side effects is increasingly being pursued in chemoprevention of breast cancer. In preclinical models, the combined administration of fenretinide and tamoxifen has proven to be additive or synergistic in both the growth inhibition of MCF-7 cells (Fontana 1987 ) and the prevention of MNU-induced mammary carcinomas (Ratko et al. 1989) . Moreover, the preventive activity of 9-cis-retinoic acid against MNU-induced mammary tumours in Sprague-Dawley rats is enhanced by combination with fenretinide (Cope et al. 2004 ) and with either tamoxifen or raloxifene (Anzano et al. 1994 (Anzano et al. , 1996 .
The safety and the tolerability of the combination of fenretinide and tamoxifen has been investigated in breast cancer clinical trials both in metastatic patients (Zujewski et al. 1999) and in the adjuvant setting (Cobleigh et al. 2000) , as well as in healthy women at increased risk (Conley et al. 2000) .
In a pilot trial by Zujewski et al. (1999) the combination of fenretinide (at a 400 mg daily dose for 25 out of 28 days) and tamoxifen (at a 20 mg daily dose) was evaluated in metastatic breast cancer patients who had previously been treated with tamoxifen or who had hormone receptor negative disease. No objective tumour responses were observed in 24 out of 31 evaluable patients. Five patients (16%) discontinued treatment due to toxicity, and symptomatic nyctalopia developed in one-third of treated patients. It was concluded that the 400 mg dose of fenretinide is unsuitable for use in prevention studies, and that the combination is not active in this subset of patients with advanced disease.
Additional concerns regarding the feasibility of this combination have been raised by the high dropout rate (30%) observed in a trial of fenretinide (400 mg/day) and tamoxifen, versus placebo and tamoxifen, as an adjuvant treatment in elderly patients with breast cancer (Cobleigh et al. 2000) . In that study, a higher incidence of grade I-II leukopaenia, hypercalcaemia, nyctalopia, and pulmonary and genitourinary side effects was noted in the combination arm. Interestingly, women on fenretinide and tamoxifen experienced a borderline significant reduction in hot flashes compared with women on tamoxifen and placebo. While the explanation for this observation is unclear, one possible interpretation suggests that fenretinide might act as a weak oestrogenic compound at the hypothalamic level.
In another pilot study involving 32 healthy at-risk women, fenretinide was administered for four cycles at a daily oral dose of 200 mg for 25 out of 28 days (Conley et al. 2000) . Tamoxifen was started after the first month of fenretinide administration, at a daily dose of 20 mg, and continued for 24 months. This schedule allowed the investigation of the pharmacodynamics and the toxicity of 4-HPR as single agent as well as after tamoxifen administration. No interference of tamoxifen on retinoid plasma concentrations was observed. The incidence of fenretinide-induced nyctalopia was 6% only, and reversed completely after fenretinide discontinuation. Four subjects stopped treatment due to side effects, and hot flushes were reported in 84% of women after the start of tamoxifen.
In another trial evaluating surrogate end-point biomarkers for the combination of fenretinide and tamoxifen, women with ductal carcinoma in situ (DCIS) or early invasive breast cancer were randomized to either placebo or the combination of fenretinide and tamoxifen for a median of 19 days between initial core biopsy and definitive surgery (Singletary et al. 2002) . A total of 52 subjects were registered, and 36 were assessable for analysis. The main outcome measure was the change induced by the combination on Ki-67 expression at the tumour level. No difference was noted between the two arms, but there was a trend toward a higher response in ER-positive versus ER-negative patients. However, the limited sample size prevented reliable statistical conclusions to be drawn.
A clinical trial with the combination of fenretinide and tamoxifen was recently conducted at the European Institute of Oncology. The primary objective of the trial was to assess the possible interaction between lowdose tamoxifen and fenretinide on a set of surrogate end-point biomarkers in premenopausal women at increased risk of developing breast cancer. The primary end-points were the changes in circulating IGF-I and mammographic percentage density after 24 months of intervention. Additional end-points included changes in endometrial thickness and proliferation, changes in size and sonographic characteristics of the ovaries (such as presence and volume of ovarian cysts), presence of atypia in fine-needle aspirates and, finally, adverse events. Premenopausal women with a history of intraepithelial neoplasia or minimally invasive breast cancer, and healthy women at high risk according to the Gail model were eligible for this trial. The study was a randomized, doubleblind, placebo-controlled, phase IIb trial with a 2r2 factorial design. Subjects were randomized to either fenretinide (200 mg/day), or tamoxifen (5 mg/day), or both agents, or placebo for 2 years (Fig. 1) . (2006) 13 51-68 www.endocrinology-journals.org Accrual was stopped on 19 April 2002, based on the lack of an interaction between the two agents on the primary end-points. Treatment and study procedures continued, however, given the absence of toxicity concerns. At the time of the last analysis (Decensi et al. 2004a) , 235 subjects had been randomized, of whom 40 were still on treatment, 35 had dropped out of the study due to refusal (19 subjects) or adverse events (16 subjects), and 160 had completed the 2-year treatment intervention. A 15% reduction of circulating IGF-I was observed in subjects treated with tamoxifen, versus a 2% reduction in the fenretinide treatment group; no evidence of interaction between the two drugs on IGF-I levels was apparent. Importantly, at the low dose employed, tamoxifen did not induce any excess of gynaecological disorders, including endometrial polyps and ovarian cysts, nor was it associated with an increase in endometrial thickness in premenopausal women. Such an increase, however, was observed in women in the tamoxifen arm who became menopausal during the study. Interestingly, no changes in endometrial thickness were observed in subjects who became menopausal during treatment with the combination. The most frequent side effects observed during treatment are summarized in Table 1 . There was no significant difference in any adverse event among the four arms. Of the two serious adverse events, one stage I endometrial cancer occurred in the fenretinide arm and one optic nerve ischaemia in the tamoxifen arm. So far, 24 primary or recurrent breast cancers have been observed, with no difference among arms. Although mature results are awaited, the combination of fenretinide and low-dose tamoxifen proved to be safe and well tolerated.
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Effect of fenretinide in hormone replacement therapy (HRT) users
HRT relieves climateric symptoms, but is associated with an increased risk of breast cancer, particularly when combined oestrogen-progestin HRT is employed (Collaborative Group on Hormonal Factors in Breast Cancer 1997). Such an increased risk has been confirmed in the Women's Health Initiative (WHI) trial on the use of oral conjugated equine oestrogen (CEE) and medroxyprogesterone acetate (MPA), where an excess risk for both breast cancer and cardiovascular disease (CVD) events was observed in the HRT arm as compared with placebo (Writing Group for the Women's Health Initiative Investigators 2002). In contrast to oral CEE, little is known of the chronic administration of transdermal 17-b oestradiol (E 2 ). The Million Women Study has recently shown that, compared with never users, women on oestrogen replacement therapy (ERT) with transdermal E 2 have a similar breast cancer risk as women taking oral CEE (Beral & Million Women Study Collaborators 2003) , although transdermal E 2 does not seem to be associated with increased venous thromboembolism and, consequently, might have a safer profile on CVD risk (Scarabin et al. 2003) .
To provide additional insights into the effects of transdermal E 2 on breast cancer risk, the changes induced by oral CEE or transdermal E 2 , administered in a continuous sequential regimen with MPA, on a panel of breast cancer risk biomarkers have been compared in a study recently conducted at the European Institute of Oncology (Decensi et al. 2004b ). In addition, the effect of fenretinide during ERT was also investigated in this study, in an attempt to reduce breast cancer risk in ERT users. The use of the retinoid is justified by the results of the phase III prevention trial (Veronesi et al. 1999) , where fenretinide showed a favourable clinical outcome in premenopausal women but not in postmenopausal women, in line with the notion that sex hormones sensitize breast cancer cells to the retinoid-induced growth inhibition (Roman et al. 1993) .
Study participants were healthy, postmenopausal, de novo ERT users with 6-to 60-month amenorrhea and follicle-stimulating hormone (FSH) levels greater than 40 U/l. Subjects were randomized by a 2r2 factorial design to either 0.625 mg/day oral CEE or transdermal E 2 , 50 mg/day released by a weekly patch, and to fenretinide 100 mg/twice a day orally or placebo for 12 months (Fig. 2) . Assignment to the oestrogen route was unblinded since the comparison in symptom relief was not a main study end-point. Sequential MPA, 10 mg/day orally for the first 12 days of each month, was added to continuous oestrogen therapy in each arm. A 3-day rest period from the retinoid capsules was prescribed monthly in order to increase plasma retinol levels, thus allowing sufficient uptake for normal night vision.
The aims of the trial were: (a) to compare the effect of oral CEE and transdermal E 2 at biologically comparable doses (Hillard et al. 1994) ; (b) to determine the effect of fenretinide on biomarkers of breast cancer risk, including the 6-and 12-month changes in circulating IGF-I (primary end-point), IGFBP-3, IGF-I : IGFBP-3 molar ratio and sex hormone binding globulin (SHBG), and the 12-month change in mammographic percentage density -as measured by a computerized method. With regard to the last two biomarkers, low circulating levels of SHBG have been found to be associated with increased breast cancer risk in a metanalysis of nine prospective studies (Key et al. 2002) , and 1% increases in computerized mammographic density have been found to correspond to a 2% increase in the relative risk of breast cancer (Boyd et al. 1995) . Serial measurements of plasma concentrations of retinol, fenretinide and its main metabolite, 4-MPR, were performed to assess relationships with drug activity and toxicity and to study pharmacokinetic interactions with the hormonal agents. While the study was progressing, the unexpected results of the Heart and Oestrogen/Progestin Replacement Study (Hulley et al. 1998 ) and the initial WHI study alert on CVD risks associated with oral CEE and MPA prompted the investigation, for safety reasons, of the 6-and 12-month changes in the levels of ultrasensitive C-reactive protein (CRP), an index of low-grade inflammation associated with CVD risk in healthy women (Ridker et al. 2000 , Walsh et al. 2000 .
A total of 226 women were randomized in the trial. After 12 months, oral CEE decreased IGF-I by 26% (95% CI, 22-30%) and increased SHBG by 96% (95% CI, 79-112%) relative to baseline, whereas no change Endocrine-Related Cancer (2006) 13 51-68
www.endocrinology-journals.org occurred with transdermal E 2 (P<0.001 between groups). Fenretinide decreased IGFBP-3 relative to placebo (P=0.04), but did not affect IGF-I levels or the IGF-I : IGFBP-3 molar ratio, or the levels of SHBG. The percentage of breast density showed an absolute increase of 3.5% (95% CI, 2.5-4.6%) during hormone therapy, with no significant differences between groups (Decensi et al. 2004b) . As for the effects of treatments on biomarkers of CVD risk, CRP increased by 3% (95% CI, x14 to 23%) and by 64% (95% CI, 38-96%) after 12 months of transdermal E 2 and oral CEE respectively, relative to baseline. Relative to oral CEE, the mean change in CRP after 12 months of transdermal E 2 was x48% (95% CI, x85 to x7%; P=0.012). Fenretinide did not change CRP levels at 12 months relative to baseline. Likewise, fenretinide was associated with a mean change of x1% (95% CI, x34 to 40%; P=0.79) compared with placebo (Decensi et al. 2002) . Serious adverse events occurred in two subjects, who developed breast cancer (one on transdermal E 2 and placebo, and one on transdermal E 2 and fenretinide), while the vast majority of the remaining adverse events were grade 1 or 2.
In conclusion, CEE produced more favourable changes than transdermal E 2 on circulating breast cancer risk biomarkers, but gave similar effects on mammographic density. The addition of fenretinide provided little modulation of circulating biomarkers, suggesting that it is not an active antidote for reducing breast cancer risk promoted by ERT use (Decensi et al. 2004b) . In view of the effects observed on CRP levels, transdermal E 2 might be safer than oral CEE at cardiovascular level, especially in women with high CVD risk (Decensi et al. 2002) .
Trials of novel retinoids
Since the effects of retinoids are mediated in part by binding to nuclear receptors, the activation of both RAR and RXR pathways may potentiate the effect of retinoids on cell growth and differentiation.
Alitretinoin, or 9-cis retinoic acid, binds to both receptor classes and is therefore a pan-agonist (Levin et al. 1992) . RXR is a unique, multifunctional nuclear receptor that acts as a cofactor in the transcriptional activation of several nuclear receptor pathways, including RAR, thyroid hormone receptor, vitamin D 3 receptor and peroxisome proliferator-activated receptor pathways (Bugge et al. 1992 , Kliewer et al. 1992 , Gearing et al. 1993 . Therefore, alitretinoin may potentiate responses of RARs and RXRs and exert secondary effects on different hormonal activities. Alitretinoin has been shown to suppress mammary carcinogenesis effectively in transgenic mice without any major toxicity (Wu et al. 2000) . In addition, alitretinoin and tamoxifen were more effective than either agent alone in preventing tumour formation in the MNU-induced animal model (Moon et al. 1992 , Anzano et al. 1994 . More recently, combinations of alitretinoin and fenretinide have shown additive effects in the same rat model, suggesting that they may inhibit mammary cancer development by different mechanisms (Cope et al. 2004) .
A phase I trial of alitretinoin and tamoxifen was conducted in 12 patients with metastatic breast cancer (Lawrence et al. 2001) . Women received alitretinoin as a single agent for 4 weeks, at a daily dose ranging from 50 to 140 mg/m 2 , followed by the addition of tamoxifen 20 mg/day, thus allowing the determination of retinoid tolerability and pharmacokinetics. The effect of the combination on the expression of Ki-67 in unaffected breast tissue was also investigated. At 70 mg/m 2 per day, one patient experienced a doselimiting toxicity (DLT) (headache), and this level was considered the maximal tolerated dose. The most common non-DLTs were low-grade mucocutaneous side effects and hyperlipidaemia. Two patients, both with ER-positive disease, had a durable clinical response. Moreover, Ki-67 expression declined in four of the eight paired breast tissue specimens obtained. The authors concluded that the combination is active and well tolerated, and recommended a 70 mg/m 2 daily dose of alitretinoin with 20 mg tamoxifen a day to be used in phase II trials (Lawrence et al. 2001) . Given the potential use in chemoprevention, a long-term alitretinoin dose of 37.5-50 mg/m 2 per day might better be tolerated.
In an attempt to separate the chemopreventive activity of retinoids from their toxic side effects, receptor-selective ligands have recently been developed. In particular, RXR-selective retinoids, also termed rexinoids, were shown to suppress tumourigenesis with minimal toxicity compared with RARselective ligands, which appear more toxic and less active as preventive agents (Wu et al. 2002a) . It has emerged from this study that the cutaneous toxic effects of retinoids are mediated through activation of the RAR receptor, whereas activation of the RXR receptor is responsible for the cancer preventive activity of these agents (Wu et al. 2002a) . Interestingly, the RXR-selective retinoid LGD1069, or bexarotene (Targretin), suppressed both ER-positive and ERnegative tumour development with minimal toxicity, as observed in the MNU-induced rat mammary tumour model and in mouse mammary tumour viruserbB2 transgenic mice respectively (Gottardis et al. 1996 , Wu et al. 2002b . Recent findings on the mechanisms of ER-negative mammary tumour inhibition by rexinoids suggest that these agents suppress the growth of premalignant mammary epithelial cells, thus preventing their evolution into invasive cancer. It has been found that, in premalignant cells, rexinoids induce a G1 cell cycle block by inducing the expression of growth-inhibitory molecules, such as RAR-b and IGFBPs, and by suppressing the expression of growthstimulating molecules, such as cyclin D1 and COX-2 (Brown et al. 2004) . Kong et al. (2005) have recently reported that bexarotene markedly reduces COX-2 expression in normal human mammary epithelial cells by suppression of COX-2 transcription, in part through transrepression of the AP-1 transcription factor. On the whole, these studies suggest that rexinoids are promising agents for the prevention of breast cancer and may be particularly useful in preventing the appearance of ER-negative breast tumours.
Bexarotene has recently been approved for the treatment of cutaneous T-cell lymphoma (Duvic et al. 2001) . The activity and safety of oral bexarotene has recently been evaluated in 148 patients with metastatic breast cancer (Esteva et al. 2003) . The drug showed limited activity, with a 6% partial response, in women with hormone-refractory or chemotherapyrefractory disease at a dose of 200 mg/m 2 per day. Approximately 20% of the patients experienced a clinical benefit. There were no drug-related deaths, and only two subjects had serious adverse events. The most common adverse events were hypertriglyceridaemia (84%), dry skin (34%), asthenia (30%) and headache (27%).
Based on these data, a chemoprevention trial testing the ability of bexarotene to modulate breast tissue biomarkers has recently been initiated in women at increased risk for breast cancer. In this biomarker study, known carriers of BRCA-1 or BRCA-2 mutations or women with a i10% risk for carrying such mutations are randomized to oral bexarotene (once daily for 28 days) or to placebo. Subjects must have at least one breast that has never been involved with cancer, and undergo two breast biopsies in the same location (before and after the intervention) for the analysis of different biomarkers -including markers of proliferation, growth factors and COX-2 (NCI website: http://www.cancer.gov/clinicaltrials). The trial is presently underway, but no data are yet available. So far, side effects are limited and include an elevation in blood triglyceride levels in a few subjects (Hede 2004) .
Another RXR-selective retinoid, LG100268, has recently shown promising activity in combination with the SERM, arzoxifene, in experimental models Endocrine-Related Cancer (2006) 13 51-68 www.endocrinology-journals.org of ER-positive breast cancer both in vitro and in vivo (Rendi et al. 2004) . In breast cancer cell lines, this combination induced apoptosis as a result of both up-regulation of TGF-b by arzoxifene and inhibition of the pro-survival nuclear factor kB and phosphatidylinositol-3-kinase (PI3K) signalling pathways by LG100268. High doses of these drugs, too toxic for long-term administration, were employed for short periods, each followed by drug-free rests; this proved to be non-toxic and highly effective in inhibiting tumour growth in an ER-positive rat mammary tumour model. Neither drug induced apoptosis alone, but the combination was strongly apoptotic and dramatically shrank tumour volume in tumour-bearing rats (Rendi et al. 2004 ). This intermittent treatment modality seems to represent an exciting approach to reduce toxicity in future chemoprevention trials with this new class of agents.
Conclusions and future directions
Due to their role in the regulation of cell growth, differentiation and apoptosis, retinoids are being extensively evaluated in clinical trials of cancer prevention.
In a phase III prevention trial, fenretinide showed a durable (up to 15 years of follow-up) trend to a reduction of second breast malignancies in premenopausal women, providing the rationale for a phase III primary prevention trial in young women at high breast cancer risk. However, in postmenopausal women fenretinide did not prevent second breast malignancies, and in early postmenopausal women on ERT it did not induce significant modulation of circulating risk biomarkers.
In premenopausal women, high circulating levels of IGF-I have been found to predict the risk of developing both primary (Renehan et al. 2004 ) and secondary breast cancer (Decensi et al. 2003) . Fenretinide induces a moderate decrease of IGF-I levels in high-risk women aged <50 years. However, IGF-I decrease only partially explains second breast cancer risk reductions observed in this age group with fenretinide treatment, and the search for possible alternative mechanisms, including modulation of other risk biomarkers, is underway.
Combinations of fenretinide and other agents with proven activity in breast cancer prevention, such as SERMs, could produce additive or synergistic effects. This hypothesis is currently being tested in a trial with fenretinide and low-dose tamoxifen involving premenopausal high-risk women. The combination proved to be safe, and mature results are awaited shortly.
Great interest has been recently focused on rexinoids, which appear to maintain the cancer preventative potential with limited toxicity due to their selective binding to RXR. This receptor class modulates the transcription of multiple genes involved in the control of cell growth and differentiation, raising the attractive possibility of effectively interfering with the multistep carcinogenic process at different levels. Importantly, rexinoids also exhibit preventative activity in ER-negative breast cancer experimental models, thus potentially tackling the emergence of ER-negative tumours observed in prevention trials of SERMs. In addition, rexinoids have been found to down-regulate COX-2 expression in normal mammary epithelial cells (Kong et al. 2005) . This finding appears of great relevance in view of the role of COX-2 in breast carcinogenesis (Dannenberg & Subbaramaiah 2003) and of the recent alerts on the risks related to the longterm use of COX-2 inhibitors in chemopreventive trials (Bresalier et al. 2005 , Solomon et al. 2005 . The rexinoid bexarotene is now available for clinical use, and is currently being tested in women at increased breast cancer risk in a tissue biomarker trial.
Experimental studies have shown that rexinoids, when combined with SERMs, dramatically inhibit breast cancer cell growth inducing apoptosis, both in vitro and in vivo, even with intermittent administration. This intermittent schedule raises the possibility of a new approach in chemoprevention, based on the assumption that enough premalignant cells undergo apoptosis during intervention and thus will not progress to invasive cancer. This is standard practice in the therapeutic setting, where intermittent chemotherapy is used to limit toxicity, and together with the search for the minimal effective dose might be a new challenge in future trials on breast cancer chemoprevention.
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